Eclosion hormone (EH) is a 62-amino acid neuropeptide that initiates the ecdysis behavior of insects. The EH-encoding gene of the tobacco hornworm, Manduca sexta, was isolated by using a designed 72-mer oligonucleotide probe. Sequence analysis of this gene and its corresponding cDNA showed that the EH gene is 7.8 kilobases and consists of three exons. Exon I is totally nontranslated; exon II contains a 26-amino acid signal peptide and amino acids 1-4 of the EH peptide, and exon III encodes the remainder of the peptide. The EH gene is present in a single copy per haploid genome and transcribes an 0.8-kb mRNA that is expressed in larval, diapausing pupal, and developing adult brains but not in the ventral nerve cord or in nonneural tissues. In situ hybridization showed that the EH gene is expressed in two pairs of ventromedial neurosecretory cells in brains of both larvae and developing adults.
showed that the EH gene is 7.8 kilobases and consists of three exons. Exon I is totally nontranslated; exon II contains a 26-amino acid signal peptide and amino acids [1] [2] [3] [4] of the EH peptide, and exon III encodes the remainder of the peptide. The EH gene is present in a single copy per haploid genome and transcribes an 0.8-kb mRNA that is expressed in larval, diapausing pupal, and developing adult brains but not in the ventral nerve cord or in nonneural tissues. In situ hybridization showed that the EH gene is expressed in two pairs of ventromedial neurosecretory cells in brains of both larvae and developing adults.
As in vertebrates, insect neuropeptides are a diverse class of regulatory molecules that affect a number of physiological processes relating to growth, metamorphosis, reproduction, and homeostasis (1, 2) . Despite their importance, the structures of relatively few of these neuropeptides are known; even less is known about the genes that code for them. Recent advances have been made in the molecular characterization and cloning of genes for the insect neuropeptides PheMet-Arg-Phe-NH2 (FMRFamide) (3, 4) , bombyxin (5) , and adipokinetic hormone (6) .
Growth and metamorphosis in insects is characterized by a series of molts when a new cuticle is produced. The shedding of the old cuticle at ecdysis is caused by the eclosion hormone (EH), a neuropeptide that triggers this behavior and directs associated physiological changes (7) . The primary target of this peptide is the central nervous system, although other nonneural targets are known. Purification and sequencing of EH from two different moths, Manduca sexta (8, 9) and Bombyx mori (10) , has revealed a 62-amino acid peptide that shows 80% identity between the two species. This neuropeptide, however, has no similarity with any other known neuropeptide from either vertebrates or invertebrates (8) .
Using an oligonucleotide based on this sequence, we now report the isolation and characterization of the EH genet.
This gene proves to code only for the pre-EH molecule and to be expressed primarily in a set of four ventromedial cells in the brain of larvae and of developing adults.
EXPERIMENTAL PROCEDURES Animals. Larvae of the tobacco hornworm, M. sexta, were reared individually on an artificial diet at 26°C under a 17-hr light:7-hr dark photoperiod as described (11) . At the start of the wandering stage, the larvae were transferred to wooden blocks in which they pupated. Developing adults were transferred to a photoperiod of 12-hr light: 12-hr dark. Staging of developing adults was by days after pupal ecdysis, except for the final 5 days, which were determined by reference to a defined set of cuticular markers (12) .
Oligonucleotide Probe Construction and Labeling. To construct the 72 nucleotide (nt)-long probe, the oligonucleotides 5'-ATGGAGATCTGCATTGAGAACTGTGCCC-3' and 5'-ATCTCCATGGGGTCGTAGCCGGTGGC-3' (synthesized at the Howard Hughes Medical Institute facility at the University of Washington) were labeled at their 5' ends by using [y-32P]ATP and T4 polynucleotide kinase (New England Biolabs) and annealed to the oligonucleotides 5'-AAC-CCCGCCATCGCCACCGGCTACGA-3' and 5'-CATCT-TCTTGCACTGGGCACAGTTCTCA-3' in 50 mM Tris HCl, pH 8.0/0.1 M NaCl/10 mM MgCl2 at 65°C for 30 min followed by room temperature for 15 min. The annealed oligonucleotides were filled in by using the Klenow fragment of Escherichia coli DNA polymerase I (Boehringer Mannheim) in the presence of40 ,uCi each of[a-32P]dATP and [a-32P]dGTP (3000 Ci/mmol; 1 Ci = 37 GBq). The reaction mixture was ligated using T4 DNA ligase (New England Biolabs), and the reaction products were loaded onto 20% polyacrylamide/6 M urea gel. The 72-mer was eluted from the gel and used to screen the Manduca genomic library.
Genomic Library Screening. Three genome equivalents (320,000 plaques) of the Manduca genomic library (13) were plated on the E. coli strain CES200, transferred to nitrocellulose (Schleicher & Schuell), and hybridized to the 32p-labeled 72-mer. Hybridizations were done in 4x SSC (lx SSC is 0.15 M sodium chloride/0.015 M sodium citrate), 5x
Denhardt's solution (lx Denhardt's solution is 0.02% Ficoll/ 0.02% polyvinylpyrrolidone/0.02% bovine serum albumin), denatured herring sperm DNA at 100 ug/ml, yeast tRNA at 100 ,ug/ml, 0.15% sodium pyrophosphate, 0.1% SDS, and 32P-labeled 72-mer at 1.5 x 106 cpm/ml for 2 days at 53°C. Filters were washed for at least 1 hr in three changes of 4x SSC containing 0.1% SDS at 53°C, followed by a 30-min wash in 0.5x SSC/0.1% SDS at 440C.
Dissections and RNA Extraction. Brains and other portions of the nervous system were dissected from staged animals and frozen in liquid nitrogen. Developing adult brains were enriched for neurosecretory cells by removing the optic lobes and ventral lateral portions of the brain during dissection.
RNA was extracted in 6 M urea/SDS/phenol/chloroform and purified by CsCl centrifugation as described (14) . Poly(A)+ RNA was selected by oligo(dT)-cellulose (Collaborative Research) chromatography (15 ligase at 45 units/ml (Biolabs) in the second-strand reaction, which was required to obtain full-length cDNA synthesis. Residual hairpin loops were cleaved by mung bean nuclease (Pharmacia) (17) . EcoRI linkers were added by ligation with T4 DNA ligase to blunt-ended cDNA. After EcoRI digestion, the cDNA was size-selected by Sepharose CL-4B chromatography, ligated into the EcoRI site of AZAP II (Stratagene), and packaged with Gigapack Gold (Stratagene). About 6.3 x 105 plaques were obtained from 1 pug of poly(A)+ RNA, of which 50% were recombinant.
The cDNA library was amplified on 10150-mm plates in the E. coli strain XL-1 blue (Stratagene), and the eluate from each plate was kept separate. Phage DNA was prepared from each eluate and assayed for the presence of the EH cDNA clone by the polymerase chain reaction (18) . One nanogram of phage DNA was amplified by using the primers 5'-CTGTGCGCAATGCAAGAAGATGCTC and 5'-CTTTG-GCATGTCATCGGTTGGATTAG and Thermus aquaticus (Taq) I DNA polymerase (Perkin-Elmer/Cetus) by 35 cycles of amplification consisting of denaturation for 1 min at 940C, annealing for 2 min at 450C, and polymerization for 2 min at 72°C with a thermal cycler (Perkin-Elmer/Cetus) and reaction conditions supplied by the manufacturer. Amplified DNA was electrophoresed on a 4% NuSieve agarose (FMC) gel, denatured, and transferred to nitrocellulose (19) . A 517-base-pair (bp) Bgl II-Hpa I fragment derived from the genomic clone AD39 was labeled to a specific activity of 109 cpm/mg with 32P by random hexamer priming (20) and used for hybridization at a concentration of 106 cpm/ml at 42°C in a solution containing 40% (vol/vol) formamide, 5 x SSC, 10 x Denhardt's solution, herring sperm DNA at 100 ,g/ml, 50 mM sodium phosphate (pH 7.0), and 10% (wt/vol) dextran sulfate for 2 days. Filters were washed for at least 1 hr in three changes of 4x SSC/0.1% SDS at 65°C, followed by 20-min washes in 0.5x SSC/0.1% SDS and 0.1x SSC/0.1% SDS at 65°C. The three cDNA library aliquots containing the EH cDNA clone were plated on the E. coli strain XL-1 blue (Stratagene), and clones were isolated by hybridization to the 32P-labeled 517-bp Bgl II-Hpa I fragment as described above.
DNA and RNA Blot Analysis. Genomic DNA was isolated from a single fifth instar larva (13) . DNA was digested with restriction endonucleases, and the products were sizefractionated on 0.8% agarose gel, denatured, and transferred to a nitrocellulose filter (19) . The M13 clone containing the 997-bp Sau3A genomic fragment from AD39 was uniformly labeled with 32p (21) and hybridized to the genomic Southern blot at the identical conditions used for screening the cDNA library.
For RNA analysis, total RNA was size-fractionated in 1.5% agarose/formaldehyde gels (19) and transferred to nitrocellulose or nylon (Hybond-N; Amersham). Hybridization of Northern (RNA) blots to the 32P-labeled 997-bp Sau3A genomic fragment was done under identical conditions used for hybridization to the genomic Southern blot. A 32P-labeled antisense RNA probe was labeled to a specific activity of 109 cpm/,ug by using the cDNA clone, pF5-3, as a template (22) . This probe was hybridized to Northern blots at 1.5 x 107 cpm/ml at 60°C in 50% (vol/vol) formamide, 5x SSC, 2.5x Denhardt's solution, 50 mM sodium phosphate (pH 7.0), 0.1% SDS, herring sperm DNA at 200 ,g/ml, yeast tRNA at 200 ,g/ml, and poly(A) at 500 ,ug/ml for 16 hr. Filters were washed for 2 hr in four changes of 0.lx SSC/0.1% SDS at 650C.
DNA Sequence Analysis. Genomic clone DNA was subcloned into the M13 vectors, MP18 and MP19 (23) . Singlestranded cDNA clone DNA was generated using the pBluescript SK-plasmid cloning vector (Stratagene) containing the cDNA insert that was excised from the cDNA clone in the vector AZAP II. DNA sequence was analyzed (24) , by using either the Klenow fragment of DNA polymerase I or Sequenase in a commercially available kit (United States Biochemicals). Nested deletions were prepared by the method of Dale et al. (25) with the Cyclone kit (International Biotechnologies). The sequences of some regions were determined with synthetic internal oligonucleotide primers.
Computer analysis of sequences used the Pustell DNA programs (International Biotechnologies) (26) .
In Situ Hybridizations. Brains were fixed for 6 hr in 4% (wt/vol) paraformaldehyde, and prepared for in situ hybridization as described (27) . The antisense DNA probe used to hybridize to day-10 developing adult brains was uniformly labeled with 35S from a bacteriophage M13 template containing the 517-bp Bgl II-Hpa I genomic DNA fragment. The probe was reduced to a mean size of 50-200 bases by incubation in 0.25 M HCO for 15 min at 37°C and then hybridized for 16 hr at 450C followed by washes (27) . RNA probes used to hybridize to brains from the remaining stages were labeled with 35S by means of the cDNA clone pF5-3. The probe was reduced to a mean size of 150 nt by incubation in 0.1 M sodium carbonate buffer (pH 10.2) for 40 min at 600C. Hybridizations were for 16 hr at 50°C followed by washes (28) .
RESULTS
Isolation of the Manduca EH Gene and cDNA. To isolate the gene that encodes Manduca EH, we designed a 72-nt-long probe based on the sequence of EH from the NH2 terminus to amino acid 24 (8, 9) and codon bias data available for Drosophila genes (29, 30) (Fig. 1) . The 72-mer was synthesized and labeled as described and was used to screen the Manduca genomic library (13) . Eight hybridizing clones were isolated, and restriction analysis of their DNA showed that they were derived from three distinct genomic regions. DNA from one ofthese clones (AD39) was digested with Sau3A and subcloned into the BamHI site of the replicative form of the bacteriophage MP18. Clones containing a 997-bp insert in both orientations were selected by hybridization to the 72-mer, and their nucleotide sequence was determined (Fig. 2) . A portion of this sequence, when translated, was identical to the sequence of EH from amino acid 5-62 (the COOH terminus) and was followed by a termination codon. A potential 3'-splice site (31) was present at amino acid 5, indicating an intron. Identity of 52 of 59 nt downstream from the splice site was sufficient for the specific hybridization seen.
To determine structure of the entire precursor protein and organization of the EH gene, we isolated an EH cDNA clone. Because we detected EH mRNA in developing adult brains Proc. Natl. Acad. Sci. US.A 86 (1989) Fig. 3 was determined as described. Sequence of the cDNA clone pF5-3 is displayed as white characters on black and numbered above. Not displayed but determined are the sequence of65% ofintron I and the complete sequence of intron II (available upon request). Underlined are the presumptive TATA element and the Bgl II, Sau3A, and Hpa I sites referred to in the text. The sequence similar to the cap site of insect mRNAs is double-underlined. Position of a 60-nt poly(A) sequence in the cDNA is indicated (*). Locations of oligonucleotides used to assay for the EH cDNA clone are shown by arrows.
with the 997-bp Sau3A genomic fragment (see below, Fig.  4B ), we constructed a cDNA library from day-9 to -12 developing adult brain mRNA in AZAP II (Stratagene). The EH mRNA is likely only found in a few neurosecretory cells in the brain (32) and, therefore, is rare [<0.01% of the poly(A)+ RNA population], even in the portion of the brain enriched for these cells. To facilitate screening, we amplified phage DNA from aliquots of the cDNA library between two oligonucleotides derived from the sequence of the EH genomic clone AD39 (Fig. 2) by the polymerase chain reaction (18) . The 372-bp fragment hybridizing to a radiolabeled 517-bp Bgl II-Hpa I genomic fragment of AD39 indicated the EH cDNA clone in three of these aliquots (data not shown). A clone from each aliquot was isolated by hybridization to the same 517-bp genomic fragment.
Primary Structure ofManduca EH mRNA and Organization of the EH Gene. The cDNA clone containing the longest insert, pF5-3, was completely sequenced (Fig. 2) (34) . Immediately thereafter is the NH2 terminus of the known sequence of EH. The translated sequence of the remainder of the precursor protein is identical to the complete sequence of EH (8, 9) . Therefore, the EH precursor consists of a 26-amino acid signal sequence followed by a single copy of the 62-amino acid neuropeptide. Following the 334 bp of 3'-nontranslated region is a 60-nt-long poly(A) tail, and an AATAAA polyadenylylation sequence (35) is present 22 bp upstream from the poly(A) tail.
Mapping of the pF5-3 cDNA and the AD39 genomic clones showed that the EH gene is composed of three exons and extends over a distance of 7.8 kilobases (kb) (Fig. 3) . The first exon contains only 5'-nontranslated sequence and is separated from the second exon by 3.0 kb. The second exon of 102 bp contains the DNA encoding the signal peptide and the first four residues at the NH2 terminus of EH. The third exon of 514 bp, containing the DNA encoding the remainder of the EH sequence, is 4.1 kb farther downstream. Sequences at the splice junctions conform to the consensus sequences seen at these sites (31) . Fifty-three nucleotides upstream from the 5' end of the cDNA clone pF5-3 is a TATAAAA sequence generally found 25-30 nt upstream from the initiation site of (Fig. 2) . Location and size of the signal peptide (stippled) and the mature EH (hatched) are shown below. S, Sal I; E, EcoRI; H, HindIII; b, Bgl II.
transcription (36) . The heptanucleotide ATCAGCA is found 24 nt downstream from the TATA element, which conforms to the consensus sequence found at the 5' end of many insect mRNAs (37) .
The results of Southern blots of digested Manduca DNA hybridized to the 997-kb Sau3A genomic DNA fragment of AD39 indicate that the EH gene is present in a single copy per haploid genome (Fig. 4A) . The sizes of the hybridizing bands seen are identical to the corresponding restriction fragments in the genomic clone.
Expression of the EH Gene in Manduca Brain. Fig. 4B shows that the brain of developing adults contains a single transcript of 0.8 kb, which is similar in size to the cDNA clone pF5-3. The latter does not represent a complete copy of the mRNA (16), although we believe that it contains the entire translated portion and the 3' sequences. The EH transcript is present in the brain throughout adult development, from shortly after pupal ecdysis until just before emergence of the adult (Fig.  4B ). This distribution of mRNA is consistent with previous studies showing that EH activity accumulates in the brain- corpora cardiaca-corpora allata (CC-CA) complex throughout adult development (38) . Because the brain shows pronounced growth through this period, the decrease in EH mRNA at the end of adult development (Fig. 3B ) may only reflect an increase in total cellular mRNA. The diapausing pupal brain also contained EH mRNA (Fig. 4B) .
In immature stages, release of EH comes from the ventral nervous system rather than from the brain-CC-CA complex (11, 38, 39) . Fig. 4C shows that even in the larval stage, EH transcripts could be found only in the brain and not in the various regions of the ventral central nervous system. Moreover, transcripts are not present in nonneural tissue, such as the epidermis (Fig. 4B) .
In situ hybridization analysis with the antisense mRNA strand showed that the EH mRNA was present in large amounts in the two pairs of large ventromedial cells located on the frontal surface of the brain in both larvae (Fig. SA) and developing adults (Fig. SD) . No hybridization to these or any other cells was seen when the sense strand was used (Fig.  SB) . These cells were labeled in all five larval brains and in all developing adult brains (eight from day 10, four from day 15, and four from day 18, one day before eclosion). In their position, these cells correspond to the ventromedial neurosecretory cells, which are the source of EH for larval and pupal ecdysis (39) (Fig. SC) . No obvious hybridization was seen in the lateral neurosecretory cell cluster thought to be the source of EH for adult eclosion (32) .
DISCUSSION
These studies have shown that EH is produced by a 7.8-kb gene that codes only for this neuropeptide. Hybridization of either the cDNA or genomic clones to genomic DNA at high stringency revealed only one band, indicating that EH is a single-copy gene. An additional weakly hybridizing band was seen under low-stringency hybridization conditions (40% formamide/4x SSC, 33°C hybridization; 2x SSC, 500C wash), but the size of this band was not similar to either of the two additional genomic regions hybridizing to the 72-mer probe (data not shown). The presence of a single EH gene indicates that the minor form of EH lacking the NH2-terminal (22) or the polymerase chain reaction (18, 42) .
In the larval brain only two pairs of large neurosecretory cells in the ventromedial region contained EH mRNA (Fig.  5A ). These "ventromedial cells" are also immunopositive with an antiserum against EH ( Fig. SC; ref. 39 ). They have an unusual projection pattern, extending their axons the length of the ventral nervous system to the proctodeal nerve from which they release EH (39) . No EH-immunopositive cell bodies are found in the ventral ganglia (39) . This finding is consistent with the apparent lack of EH transcripts in the ganglia of the larval nerve cord (Fig. 4C) and suggests that the EH activity in the ventral nervous system (38) Eclosion hormone acts on the central nervous system to trigger the complex prepatterned behavior of ecdysis (7) . In this respect, EH is similar to another well-studied behavioral peptide, the egg-laying hormone of Aplysia, which triggers a fixed action pattern of behaviors that leads to egg laying. In the latter system, a number of products are processed from the pro-egg-laying hormone precursor, and the various components have their own sets of actions that lead to the coordinated behavioral response (43) . A similar situation is seen in the classic example of the proopiomelanocortins (40) .
The ecdysis system uses the alternative strategy in which the product of the EH gene is a single peptide, which then exerts its action on diverse tissues, such as the nervous system, muscle, and epidermis (7).
